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Abstract 
 Destructive earthquakes nucleate at depth (10-15 km), therefore monitoring active faults at the 
Earth’s surface, or interpreting seismic waves, yields only limited information on earthquake mechanics. 
Tectonic pseudotachylytes (solidified friction-induced melts) decorate some exhumed ancient faults and 
remain, up to now, the only fault rocks recognized as the unambiguous signature of seismic slip. It follows 
that pseudotachylyte-bearing fault networks might retain a wealth of information on seismic faulting and 
earthquake mechanics. In this contribution, we will show that in the case of large exposures of 
pseudotachylyte-bearing faults, as the glacier-polished outcrops in the Adamello massif (Southern Alps, 
Italy), we might constrain several earthquake source parameters by linking field studies with microstructural 
observations, high-velocity rock friction experiments, modeling of the shear heating and melt flow, and 
dynamic rupture models. In particular, it is possible to estimate the rupture directivity and the fault dynamic 
shear resistance. We conclude that the structural analysis of exhumed pseudotachylyte-bearing faults is a 
powerful tool to the reconstruction of the earthquake source mechanics, complementary to seismological 
investigations,. 
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1. INTRODUCTION 
 
 Large earthquakes critical for human activities nucleate at ~ 7-15 km depth [Scholz, 2002]. The 
sources of these earthquakes and the process of rupture propagation can be investigated by geophysical 
monitoring of active faults from the Earth’s surface or by interpretation of seismic waves: most information 
on earthquake mechanics is retrieved from seismology [Lee et al., 2002]. However, these indirect techniques 
yield incomplete information on fundamental issues of earthquake mechanics [e.g., the dynamic fault 
strength and the energy budget of an earthquake during seismic slip remain unconstrained, Kanamori and 
Brodsky, 2004] and on the physical and chemical processes active during the seismic cycle. 
 To gain direct information on seismogenic sources, fault-drilling projects have been undertaken in 
several active faults, e.g., the Nojima Fault in Japan [Ohtani et al., 2000; Boullier et al., 2001], the 
Chelungpu Fault in Taiwan [Ma et al., 2006] and the San Andreas Fault in USA [Hickman et al., 2004]. 
Fault drilling allows integration of real-time in situ measurements (strain rate, pore pressure, etc.) and 
sampling with high-quality seismological data, collected by seismometers located at depth, and geodetic data 
at the surface (GPS, inSAR, etc.). However, fault drilling has several limitations: (i) to date, drilling is 
confined to shallow depths (< 3 km); (ii) the investigated fault volume is too small to provide representative 
3D information on fracture networks and fault rock distribution (i.e., large earthquakes rupture faults with 
areas >100 km2), and iii) high costs. 
 An alternative and complementary approach to gain direct information about earthquakes is the 
investigation of exhumed faults showing evidence of ancient seismic ruptures (a direct approach to the 
earthquake engine). However, the use of exhumed faults to constrain the mechanics of earthquakes has also 
limitations: (i) alteration during exhumation and weathering may erase the pristine coseismic features 
produced at depth; (ii) reactivation of a fault zone by repeated seismic slip events may render difficult or 
impossible to distinguish the contribution of individual ruptures; (iii) single faults may record seismic and 
aseismic slip and there might be the need to distinguish between microstructures produced during the 
different stages of the seismic cycle (co-seismic, post-seismic, interseismic, etc); (iv) the microstructural 
proxies to recognize the coseismic nature of a fault rock have not yet identified with certainty except in some 
cases; (v) the ambient (e.g., pressure, temperature) conditions and the stress tensor coeval with seismic 
faulting are often difficult to estimate with precision. 
Therefore the use of exhumed faults to retrieve information on earthquakes rely on (i) the recognition 
of faults rocks produced during seismic slip which have escaped significant structural overprinting and 
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alteration until exhumation to the Earth’s surface and, (ii) the presence of tight geological constraints that 
allow the determination of ambient conditions during seismic faulting. Up to date the only fault rock 
recognized as a signature of an ancient earthquake is pseudotachylyte [Cowan, 1999]. Pseudotachylyte is the 
result of solidification of friction-induced melt produced during seismic slip [Sibson, 1975; McKenzie and 
Brune, 1972; Spray, 1987; 1995]. This paper presents the study of an exceptional exposure of 
pseudotachylyte-bearing faults where many of the above listed limitations are overcome. It will be shown 
that a multidisciplinary approach, which includes field and laboratory study of the natural pseudotachylytes 
integrated with theoretical and rock friction experiments, may yield fundamental information on earthquake 
mechanics and complementary to seismological investigations. This new  approach is inspired by the 
pioneering work of Sibson [1975]. First we will briefly review the literature about pseudotachylytes whose 
main geochemical, micro- and mesostructural features are summarized in detail by Lin [2007]. 
 
2. PSEUDOTACHYLYTES 
 
The term pseudotachylyte was introduced by Shand [1916] to describe a dark, aphanitic, glassy-
looking rock similar to basaltic glasses (or tachilytes) and filling networks and veins in the Old Granite of the 
Parijs region of the Vredefort Dome in South Africa. Pseudotachylytes have been found in numerous 
localities and different genetic environments within silicate-built rocks as impact structures [Shand, 1916; 
Reimold, 1998], “superfaults” [or large displacement faults related to the collapse of large structures as 
impact craters and calderas, Spray, 1997], rock landslides [Masch et al., 1985; Lin et al., 2001; Scott and 
Drever, 1953], pyroclastic flows [Grunewald et al., 2000] and faults [Sibson, 1975]. The latter referred to as 
tectonic pseudotachylyte are the most common, though considered rare between fault rocks by some authors 
[Snoke et al., 1998; Blenkinsop, 2000; Sibson and Toy, 2006]. Tectonic pseudotachylytes will be dealt with 
in this paper. 
Despite a long lasting debate about the origin of tectonic pseudotachylytes [e.g., Philpotts, 1964; 
Francis, 1972; Wenk, 1978; Spray, 1995] they are now recognized as the product of comminution and 
friction-induced melting along a fault surface during seismic slip (i.e., at slip rates of 1-10 m s-1). In fact, by 
definition pseudotachylyte is a fault rock which shows evidence of melting [Magloughlin and Spray, 1992]. 
Although evidence for a quenching origin of pseudotachylytes was occasionally reported in literature since 
the beginning of the twentieth century [Holland, 1900], and in 1953 Scott and Drever described a vesicular 
glassy rock in an Himalayan thrust [later recognized as the product of a large landslide, Masch et al., 1985], 
only in 1975 Sibson showed unambiguously that frictional melting was possible during seismic faulting from 
field evidence. From a theoretical point of view, Jeffreys [1942] demonstrated that friction-induced melting 
could occur along fault surfaces during coseismic slip. McKenzie and Brune [1972] investigated in detail the 
process of frictional melting and proposed that, given the stress conditions and the elevated strain rates 
achieved during seismic slip, frictional melting should be widespread in nature. The nature of 
pseudotachylytes as quenched melts was later questioned by Wenk [1978]. He emphasized that few 
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pseudotachylytes contain glass and suggested ultracomminution as the main mechanism responsible for the 
development of most fault rocks referred to as pseudotachylytes. Despite ultracomminution remains a valid 
alternative to frictional melting to explain the origin of some pseudotachylyte-looking fault rocks, a wealth 
of data have provided evidence that most of these fault rocks have indeed been through a melt phase [e.g., 
Maddock, 1983; Shimamoto and Nagahama, 1992; Lin, 1994]. These data include field and microstructural 
observations, mineralogical, petrographical and geochemical data (see section 2.1 and 2.2).  In the lab, the 
origin of pseudotachylyte by frictional melting has been clearly shown by Spray [1987; 1988; 1995] using a 
frictional welding apparatus. In 1995, Spray demonstrated experimentally that grain size reduction during 
frictional sliding is a precursor of melting during coseismic slip: comminution and frictional melting are two 
related processes.  In further experiments, Tsutsumi and Shimamoto [1997a] measured the evolution of the 
friction coefficient during sliding at high slip rates, showing that local melting and welding of the asperity 
contacts occurred before the bulk melting of the sliding surface.  Thus the comminution model proposed by 
Wenk [1978] was rejected. The lack of glass (often replaced by a cryptocrystalline matrix) in tectonic 
pseudotachylyte is explained by its instability  in fault zones. 
 
2.1. Mesoscale geometry of pseudotachylyte 
Pseudotachylytes commonly occur in the field as sharply bounded veins associated with faults. The 
typical vein thickness is in the range of a few millimeters to several centimeters, though meter-thick veins 
are reported in some major faults [e.g. Outer Hebrides Thrust, Sibson, 1975; the Woodroffe Thrust, Camacho 
et al., 1995]. The veins lay parallel to, and decorate discontinuously, the fault surface [fault veins, Sibson, 
1975] or intrude the host rocks branching off the slip surface [injection veins, Sibson, 1975] (Fig. 1a-b). Fault 
veins are interpreted to decorate the generation surfaces where frictional melt is produced during seismic slip 
and from where most the melt is extruded to form injection veins. These latter are assumed to result by 
fracturing  induced by fault pressurization due to thermal expansion during generation of the frictional melt 
[Sibson, 1975; Swanson, 1989; 1992]. A complementary model for the production of injection veins, 
associated to the dynamics of propagation of an earthquake rupture was proposed by Di Toro et al. [2005b]. 
Pseudotachylyte may occur in complex geometric arrangements including pseudotachylyte-cemented 
breccias, paired shears, duplexes and side-wall ripouts [Grocott, 1981 Swanson, 1988; 1989; 2006]. 
Contrasting geometries of the pseudotachylytes networks apparently develop as a function of the degree of 
host rock anisotropy [Swanson, 2006]. Because seismic slip commonly occur along pre-existing planes of 
weakness, the geometry of precursor structures play a major role to determine the architecture of 
pseudotachylyte networks. 
 
2.2. Microstructures and geochemistry in pseudotachylytes 
Pseudotachylytes consists of a microlitic to cryptocrystalline or glassy (more rare) matrix embedding 
survivor clasts of the host rock (Fig. 1c-d). Several microstructures of pseudotachylyte matrix are identical or 
closely resemble microstructures of volcanic rocks [e.g., Maddock, 1983; McPhie et al., 1993] indicating 
Di Toro, Pennacchioni, Nielsen Pseudotachylyte and earthquake source mechanics 11/04/2008 
 
 5
rapid cooling of a melt. In fact, cooling of the pseudotachylyte melts to the ambient conditions of the brittle 
crust is in the range of few seconds to minutes under the ambient conditions at seismogenic depths for 
typical pseudotachylytes (1-20 mm thick) [Boullier et al., 2001; Di Toro and Pennacchioni, 2004]. These 
microstructures include: (i) microlites and spherulites with wide variety of shapes [Philpotts, 1964; Maddock, 
1983; Magloughlin, 1992; Lin, 1994; 2007; Shimada et al., 2001; Di Toro and Pennacchioni, 2004] often 
arranged to define a symmetric zoning of the pseudotachylyte vein (chilled margin); (ii) quenched sulfide 
droplets related to immiscibility in the silicate melt [Magloughlin, 1992, 2005]; (iii) vesicles and amygdales 
[Scott and Drever, 1953; Maddock, 1986; Magloughlin, 1992], and (iv) flow structures [e.g., Lin, 1994] (Fig. 
1c-d). Glass has been reported rarely in pseudotachylytes [Toyoshima, 1990; Lin, 1994; Obata and Karato, 
1995] which reflects its high instability under geological conditions, but pseudotachylytes may show 
secondary (devitrification) microstructures [Maddock, 1983; Lin, 1994]. 
Clasts within the pseudotachylyte include both single-mineral or lithic clasts from the host rock. Host 
rock minerals are not equally represented between the clasts mainly due to selective non-equilibrium melting 
of the different mineral species and, therefore, to preferential consumption of the low-melting point minerals 
[Shand, 1916; Spray, 1992]. In many pseudotachylytes within granitoids phyllosilicates and amphiboles are 
rare between clasts whilst plagioclase and, especially, quartz tends to survive in the melt [Di Toro and 
Pennacchioni, 2004]. The type of survivor clasts also depends on other physical properties of the mineral, 
such as fracture toughness and thermal conductivity [Spray, 1992]. Clasts are angular to rounded and show 
embayment in the case of melting [Magloughlin, 1989]. They commonly act as nuclei for the growth of 
radially arranged microlites of the same mineral species to develop spherulitic microstructures [Shimada et 
al., 2001; Di Toro and Pennacchioni, 2004]. The clast size distribution within pseudotachylytes is fractal in 
the clast size range of 10 to 2000 μm, with a fractal dimension D of about 2.5 [Shimamoto and Nagahama, 
1992; Di Toro and Pennacchioni, 2004].  The clast size distributions have typically a kink at grainsize of 
about 5 μm and show a “fractal” values D < 2.5 for the smaller grain fraction that is interpreted as due to the 
preferential assimilation of the finer grained grains in  the melt [Shimamoto and Nagahama, 1992; Tsutsumi, 
1999; Ray, 1999]. This observation is a further support for the origin of pseudotachylytes from a melt since 
comminution alone cannot explain the decrease in smaller grains [Shimamoto and Nagahama, 1992]. Clasts 
smaller than 1 μm in size are uncommon in the pseudotachylyte matrix probably in relation to “the critical 
limit at which the energy for melting becomes smaller than that for comminution” [Wenk et al., 2000; for a 
discussion, see also Pittarello et al., 2008].  
Because of the preferential melting of mafic minerals the pseudotachylyte melts are commonly more 
mafic in composition than the host rock. This is the most strong evidence that disequilibrium (i.e., single 
mineral) melting, rather than eutectic melting, occurs during pseudotachylyte generation. Because of the 
presence of clasts within the matrix, geochemical studies on the matrix are usually done using microprobe 
analysis with a defocused beam [e.g., Ermanovics et al., 1972; Spray, 1988] or by subtracting the clast 
content from the bulk XRF composition [Sibson, 1975; Di Toro and Pennacchioni, 2004].  Composition of 
the matrix has been compared with the composition of the associated fault rock [i.e., cataclasites, 
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Magloughlin, 1992; Di Toro and Pennacchioni, 2004] or of the bounding rocks [e.g., Maddock, 1992]. 
Pseudotachylyte compositions related to disequilibrium partial melts have been described by several authors 
[Sibson, 1975; Allen, 1979; Maddock, 1986; 1992; Magloughlin, 1989; Bossière, 1991; Spray, 1992; 1993; 
Camacho et al., 1995].  Philpotts [1964] and later Ermanovics et al. [1972] showed near total melting of the 
host rock with the exception of quartz.  O’Hara and Sharp [2001] used isotope composition to show the 
large contribution of biotite and K-feldspar and minor quartz in the production of frictional melt.  Total 
melting of the fault rock assembly was proposed for pseudotachylyte associated with ultramafics [Obata and 
Karato, 1995] and mylonites [Toyoshima, 1990]. 
In summary, when a fault rock records several types of evidence from outcrop scale to microscale 
that suggest a melt origin it can be called pseudotachylyte [Magloughlin and Spray, 1992; Passchier and 
Trouw, 1996; Reimold, 1998].  Among the structural evidence for a melt origin of pseudotachylytes, the 
foremost is the intrusive habit of injection veins and the presence of flow structures [Sibson, 1975].  
Secondly, pseudotachylyte veins often exhibit microlitic and spherulitic textures, chilled margins, and/or 
glass, indicating rapid chilling of a melt [Maddock, 1983; Lin, 1994].  However, the presence of glass is not a 
necessary feature of these rocks, since the environmental conditions under which pseudotachylytes form 
(usually between 3-15 km in depth) are unfavorable for glass preservation [Maddock, 1986; Lin, 1994].  
Thirdly, fractal analysis of size distribution of clasts in pseudotachylytes shows that the number of small 
grains (< 5 micron) is very small compared to the number of larger grains.  This is indicative of preferential 
melting of the finest clasts [Shimamoto and Nagahama, 1992]. Lastly, frictional melting is a non-equilibrium 
process, with the consequence that pseudotachylytes usually contain survivor clasts of quartz and feldspar 
and the matrix is enriched in Fe, Mg, Al, Ca, H2O compared to the host rock or to the cataclastic precursor 
[Sibson, 1975]. 
 
2.3. Temperature estimate of frictional melts 
The value of peak temperature of the friction-induced melt is an important parameter to estimate the 
energy budget during seismic slip as well as on the lubricating effect of the melt (see section 5.1). In natural 
pseudotachylytes, melt temperatures were deduced by different methods, including: 
(i) SiO2 glass composition [Tmelt 1450 °C; Lin, 1994]; 
(ii) microlite mineralogy [Tmelt = 890–1100 oC: two pyroxene geothermometer, Toyoshima, 1990; Tmelt = 
790–820 oC: omphacite – garnet geothermometer Austrheim and Boundy, 1994; Tmelt = 1000 oC: 
pigeonite crystallization, Camacho et al., 1995; Tmelt = 1200 oC, mullite crystallization, Moecher and 
Brearley, 2004]; 
(iii) mineralogy of survivor clasts [Tmelt = 1000 °C; Maddock, 1983]; 
(iv) numerical modeling by matching melt cooling curves with the presence of microlitic vs. sperulithic 
zoning in thick veins assuming that the different microstructures are the result of contrasting cooling 
rates at the center and periphery of the pseudotachylyte vein [Tmelt = 1450 °C; Di Toro and Pennacchioni, 
2004]; 
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(v) volume ratio between lithic clasts and matrix [O’Hara, 2001]. 
In high velocity rock friction experiments, melt temperatures of 1000 – 1550 oC were measured by 
means of a radiation thermometer and thermocouples [Tsutsumi and Shimamoto, 1997b; Lin and Shimamoto, 
1998; Hirose and Shimamoto, 2005a; Spray, 2005; Del Gaudio et al., 2006]. In summary, the estimates and 
measures of the temperature of melts in natural and experimental pseudotachylytes are in the range of 750–
1550 °C. Given the fact that pseudotachylyte is often hosted in granitoids or in rock with a silica-rich 
composition, these temperature estimates support the idea that friction-induced melts are produced by non-
equilibrium melting [Spray, 1992] and that they are superheated [Di Toro and Pennacchioni, 2004]. In fact, 
equilibrium melting temperature for granitoid systems ranges between 700-850 oC [Philpotts, 1990]. 
However, most temperature estimates and measures probably underestimate the peak temperature achieved 
by the melt. For instance, microlite mineralogy yield a cooling temperature. In experiments, the radiation 
thermometer measures the temperature over a spot size of 400 μm in diameter whereas the slipping zone 
thickness measured at the end of the experiment is ~180 μm thick only [Del Gaudio et al., 2006]. It follows 
that the measured temperature is an average between that of the wall rocks and the slipping zone. 
Thermocouples, inserted in the specimen, measure the temperature inside the sample and not in the slipping 
zone, and the temperature of the melt is estimated through numerical modeling refinement [Tsutsumi and 
Shimamoto, 1997b]. Since some pseudotachylytes record melting microstructures of quartz and apatite (e.g. 
embayed clasts), temperatures as high as 1700°C can be locally achieved if disequilibrium melting and H2O-
free conditions (in the case of quartz melting) are assumed. Together with frictional melting, a possible 
mechanism for melt superheating is viscous shear heating in the melt layer [Nielsen et al., 2008]. 
 
2.4. Distribution of tectonic pseudotachylytes 
Most pseudotachylytes are clearly linked to brittle regimes and are associated with cataclasites [e.g., 
Magloughlin, 1992; Fabbri et al., 2000; Di Toro and Pennacchioni, 2004] or fluidized gouge [Otsuki et al., 
2003; Rowe et al., 2005].  Other pseudotachylytes, instead, appear closely linked to plastic-ductile regimes 
since they overprint, and are in turn reworked, by ductile shear zones [Sibson, 1980; Passchier, 1982; White, 
1996].  These latter pseudotachylytes are found associated with greenschist facies mylonites [Passchier, 
1982; Takagi et al., 2000], amphibolite facies mylonites [Passchier, 1982; White, 1996; Pennacchioni and 
Cesare, 1997], granulitic facies mylonites [Clarke and Norman, 1993] and spinel-lherzolite facies mylonites 
[Ueda et al., 2008].  Thus pseudotachylytes are produced both at shallow (2-10 km) and mid-crustal levels 
(10-20 km).  Pseudotachylytes can be produced during intermediate and deep earthquakes also, but probably 
by processes other than frictional melting (we will not describe these mechanisms here).  Eclogitic facies 
pseudotachylytes (>60 km in depth) were found in the Bergen Arc of Western Norway [Austrheim and 
Boundy, 1994]. The production of frictional melts (and plasmas) was invoked for the deep focus (637 km in 
depth) 1994 Bolivian mantle earthquake (Mw = 8.3) [Kanamori et al., 1998]. 
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2.5. Production of pseudotachylytes 
In this paper we will focus on the mechanism of pseudotachylyte production in the elastico-frictional 
continental crust [< 12-15 km depth for a geothermal gradient of 25 oC km-1, Sibson, 1977]. During rupture 
propagation and coseismic slip (e.g., Fig. 2a), the elastic energy stored in the wall rock is released [Reid, 
1910]. The energy balance for the work done in faulting Wf, neglecting the work against gravity, is [Kostrov 
and Das, 1988] 
Wf = Q + Us   (1) 
 
where Q is heat and Us is surface energy for gouge and fracture formation (see Table 1 for a list of symbols 
used in this paper). Since Us  is considered negligible [Lockner and Okubo, 1983] most part (> 95%) of the 
work done in faulting is converted to heat [Scholz, 2002, pag. 155], especially in the lower part of the 
elastico-frictional crust [e.g., 10 km depth, Pittarello et al., 2008]. It follows that the amount of heat 
generated during seismic slip for unit area of the fault is [Price and Cosgrove, 1990]: 
Wf = μ (σ  -pp) d ≈ Q  (2) 
where  μ  is the friction coefficient, σ  is the normal stress, pp is the pore fluid pressure and d is the coseismic 
slip.  The heat flux generated per unit area of the fault is [McKenzie and Brune, 1972]: 
q ≈  μ (σ  -pp) V (3) 
where V is slip rate. 
The thermal penetration distance x in the bounding host rock as a function of slip time t is: 
x = (κ t)0.5  (4) 
where κ is thermal diffusivity of the host rock. The heat produced is large even for small slips (Eq. 3) 
[Sibson and Toy, 2006] given: (i) the high effective stress in the seismic source area (hundreds of MPa at 
depths in the range of 2-15 km), and  (ii) the high particle velocities (1 - 10 m s-1) localized in thin slipping 
zones (few mm at most [Sibson, 2003]). McKenzie and Brune [1972] estimated that melting could occurs for 
fault slips as small as 1-3 mm for driving stresses of 100 MPa and production of seismic melts for such small 
slips is confirmed by field evidence [Griffith et al., 2008]. Because of the low value of κ in crustal rocks (10-
6 m2 s-1) and the short duration of seismic slip at a point of a fault (few seconds at most), heat remains in situ 
and the process is adiabatic at seismogenic depths [see Di Toro et al., 2006a for a detailed discussion]. Given 
these deformation conditions, fault rocks as well as the host rocks immediately adjacent to the slipping 
surface are heated and eventually, melt [e.g., Fialko, 2004; Bizzarri and Cocco, 2006; Nielsen et al., 2008]. 
 A possible scenario for frictional melt production in the elastico-frictional crust is shown in Fig. 2 
[modified from Swanson, 1992]. Unstable sliding occurs due to the velocity weakening behavior of most of 
the rock materials [i.e. friction coefficient decreases with increasing sliding speed, e.g. Tullis, 1988] and the 
rupture propagates as a mode II self-healing [Heaton, 1990] pulse (Fig. 2a). At the rupture tip (Fig. 2b), the 
stress perturbation during crack propagation induces fracturing in the wall rock under tension (the southern 
block for a rupture propagating towards the east along a dextral strike slip fault: see section 4). The opposite 
sliding surfaces are then uncoupled and a cushion of gouge develops in between during sliding. Rupture 
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propagation is followed by surface refinement through crushing, clast rotation, and flash heating and melting 
[Archard, 1958; Rempel, 2006; Rice, 2006] of the initiation gouge. Bulk melting occurs where the gouge is 
highly comminuted and strain rate is higher, though it mainly involves the minerals with the lowest melting 
point (see section 2.2 and 2.3)(Fig. 2b). With increasing slip, the opposite surfaces are separated by a thin 
layer of melt, which is further heated due to viscous shear heating (superheated melts). Melting occurs at the 
wall rocks for rock-rock interaction and for phase transition at the melt-wall rock and melt-survivor clast 
boundaries [Nielsen et al., 2008]. The melt produced in the slipping zone (i.e., the fault vein) is mostly 
injected in the wall rocks, along (i) pre-rupture fractures (if the rupture is propagating along a pre-existing 
fault), and (ii) new fractures produced under the dynamic transient stress field at the rupture tip during 
propagation and due to the volume increase related to the melting of the rock.  The melt is largely dragged 
and injected in the wall rocks but a small percentage of melt still remains along the slipping zone. Under 
these conditions, the fault is lubricated by friction-melts [Nielsen et al., 2008]. Once the elastic strain energy 
stored in the wall rocks that drives the propagation of the rupture is released, the slip rate drops down, and 
the viscous strength of the melt layer increases instantaneously (see section 5), leading to the healing of the 
rupture. The process described above may occur in 1-10 s at most, consistent with rise times typical of 
earthquakes. Instead, the melt injected into the wall rocks or pounding in dilational jogs along the fault vein 
(i.e., reservoirs), cools slowly, from seconds to minutes, depending on the peak temperature of the melt, the 
temperature of the host rock and the thickness of the melt layer: melt might be still present after the healing 
of the rupture (friction melt window in Fig. 2a). The solidification of the melt produces the pseudotachylyte. 
The role of water. The role and the origin of water during frictional melting is still debated [Sibson, 
1973; 1975; Allen, 1979; Magloughlin, 1992; Magloughlin and Spray, 1992; O'Hara and Sharp, 2001]. The 
presence of fluid inclusions, vesicles and amygdales in some pseudotachylyte [Philpotts, 1964; Maddock et 
al., 1987; Magloughlin, 1992; Obata and Karato, 1995; Boullier et al., 2001] suggests that water fluids must 
be present at the time of pseudotachylyte generation in some cases. However, it is not clear if water was 
present as pore water before frictional heating or, instead, it was released by the breakdown of water-bearing 
minerals (biotite, chlorite, epidote, amphibole, etc.) during frictional heating [e.g., Moecher and Sharp, 
2004]. The presence of pore water in a slipping zone should impede the achievement of high temperatures, 
since (i) fluid expansion promoted by frictional heating induces a drastic decrease in the effective normal 
stress and lubricates the fault [Sibson, 1973; Allen, 1979; Lachenbruch, 1980; Mase and Smith, 1987; 
Bizzarri and Cocco, 2006; Rice, 2006], (ii) water vaporization adsorbs heat and, (iii) the expulsion of hot 
fluids cools the slipping zone. It follows that pseudotachylytes have been commonly assumed to develop in 
relatively dry rocks [Sibson, 1973; Sibson and Toy, 2006]. On the other hand, water-rich conditions may also 
promote the production of pseudotachylytes by lowering the rock and mineral melting temperatures [Allen, 
1979; Magloughlin, 1992]. Recent field observations support the occurrence of frictional melting  under 
fluid-rich conditions in some cases [Rowe et al., 2005; Ujiie et al., 2007]. Okamoto et al. [2006] describe 
pseudotachylytes bounded by a carbonate-matrix implosion breccia in the Shimanto accretionary complex 
(Japan). In this water-rich environment, during seismic slip, frictional heating expanded the pore water 
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(thermal pressurization) in the slipping zone. Thermal pressurization induced (i) fracturing in the wall rocks, 
(ii) expulsion of pressurized water and (iii) carbonate precipitation.  Expulsion of pressurized water resulted 
in an increase of the effective stress (and temperature) leading to frictional melting in the slipping zone 
[Okamoto et al., 2006]. In other words, frictional melting occurred after the expulsion of water from the 
slipping zone during the same seismic rupture.  
 
3. A NATURAL LABORATORY OF AN EXHUMED SEISMOGENIC SOURCE 
 
 A few studied outcrops have suitable characteristics (large exposures, polished surfaces, presence of 
pseudotachylytes) that allow a wealth of information about earthquake mechanics to be retrieved from 
exhumed faults. Examples of such outcrops are from  the Outer Hebrides thrust [Scotland, Sibson, 1975], the 
Homestake Shear Zone [Colorado, Allen, 2005], the Fort Foster Brittle Zone [Maine, Swanson 1988; 1989; 
2006], and the Woodroffe thrust [Australia, Camacho et al., 1995]. In this paper we will describe an 
exceptional outcrop of the Gole Larghe Fault zone (Southern Alps, Italy) [Di Toro and Pennacchioni, 2004; 
2005; Di Toro et al., 2005a; 2005b; Di Toro et al., 2006b; Pennacchioni et al., 2006]. 
 The Gole Larghe Fault Zone is a dextral strike slip exhumed structure crosscutting the Adamello 
tonalites (Italian Alps) and forming a southern branch of the Tonale line [a segment of the Periadriatic 
Lineament, the major fault system of the Alps, Schmid et al., 1989] (Fig. 3a). The Gole Larghe fault zone is 
exposed in large glacier-polished un-weathered outcrops which allow a 3-dimensional investigation of the 
structures (Fig. 3b) and where single faults can be mapped in detail (Fig. 3c-d). The fault zone hosts a large 
number of pseudotachylytes which have largely escaped alteration and structural reworking during the 
exhumation to the Earth’s surface and therefore preserve an intact record of the coseismic processes that 
occurred at depth. In addition, the numerous pseudotachylytes present along the different faults are “simple” 
(a single continuous layer of melt): each pseudotachylyte layer records a single coseismic slip. At the same 
time, the fault zone contains hundreds of faults which possibly record different seismic slip increments thus 
forming a statistically representative population of earthquakes occurring under identical ambient conditions 
and geological context. The outcrops contain numerous markers (aplite dikes, basic enclaves) crosscut by the 
faults which allow the offset to be estimated for each single structure, whereas the host rock (tonalite) is 
homogeneous over kilometers along the fault. The geology of the area has been investigated by numerous 
researchers since the fifties and there are tight constraints on the age and ambient conditions of deformation. 
The whole features make this fault an exceptional and rather unique natural laboratory for the direct study of 
an exhumed segment of a seismic zone (the earthquake engine). 
 The Gole Larghe fault zone is exposed for a length of about 12 km in the northern part of the 
Adamello batholith within the tonalites of the Avio pluton (Fig. 3a). The Avio tonalites consist of plagioclase 
(48% in volume), quartz (29%), biotite (17%) and K-feldspar (6%), [Di Toro and Pennacchioni, 2005] and 
are dated at 34 Ma [Del Moro et al., 1983]. In the upper Genova Valley (star in Fig. 3a) the fault zone is 550 
m thick and accommodates about 1 km of slip [Di Toro and Pennacchioni, 2005; Pennacchioni et al., 2006]. 
The fault zone include hundreds of sub-parallel faults striking E-W, and mostly steeply dipping (50 to 80°) to 
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the south, showing a spacing on the range of decimeters to a few meters (some shown in Fig. 3b). The 
presence of sub-horizontal roof pendants sunk in the Adamello batholith suggests that the batholith and the 
fault zone were not tilted during exhumation [Callegari and Brack, 2002]. The faults exploit a main set of E-
W trending joints pervasively developed in the whole intrusion. Fault surfaces have shallowly plunging 
(toward W) slickenlines and the marker offset indicates right-lateral strike slip kinematics [Di Toro and 
Pennacchioni, 2005]. Major faults accommodate up to 20 m of slip and are spaced every ~ 10 m, whereas 
the minor faults in between accommodate offsets of a few decimeters to a few meters. These sub-parallel 
faults are associated with a network of small fault-fractures produced during slip on the major and minor 
faults [Di Toro and Pennacchioni, 2005].  
Fault rocks are cataclasites and pseudotachylytes. The Gole Larghe cataclasites are cohesive fault 
rocks cemented by the pervasive precipitation of epidote, K-feldspar and minor chlorite due to fluid-rock 
interaction along the faults [Di Toro and Pennacchioni, 2005]. These epidote- and K-feldspar-bearing fault 
rocks are referred to as cataclasites in the following text. Typically, pseudotachylyte is associated with the 
last event of slip recorded by each fault segment: pseudotachylyte overprints cataclasite[Di Toro and 
Pennacchioni, 2005]. This sequence of event possibly results from the fact that (i) grain size reduction by 
cataclasis promotes successive melting [e.g., Spray, 1995] and (ii) quenching of the friction-induced melts 
welds the fault and favors migration of successive slip events to other sub-parallel cataclastic faults. This 
interpretation is consistent with experimental observations: samples containing an artificially-generated 
pseudotachylyte (produced by former high speed frictional experiments with precut samples) break along the 
“intact” sample rather than along the welded surfaces [Hirose and Di Toro, unpublished data]. This indicates 
that the fault recovers mechanical properties similar to that of the intact rock after sealing off by 
pseudotachylyte. In nature, the welding process of individual faults by pseudotachylyte formation determines 
the progressive thickening of the fault zone and results in a low displacement/ thickness ratio of the fault 
zone. This is in stark contrast with what occurs in many mature faults where repeated seismic ruptures 
localize along the same weak horizons and result in high displacement/fault thickness ratio [e.g., Chester et 
al., 1993]. 
 Ar-Ar stepwise dating of the Adamello pseudotachylytes yield ages of ~ 30 Ma [Pennacchioni et al., 
2006], indicating that seismic slip along the Gole Larghe was contemporary to the activity of the Tonale fault 
[Stipp et al., 2002]. Pseudotachylytes were produced only 3-4 Ma after the emplacement of the pluton. 
Zircon and apatite fission track data [Viola et al., 2001; Stipp et al., 2004] and other geological constrains 
indicate that faulting in the Adamello occurred after cooling of the pluton at the ambient conditions of 0.25-
0.35 GPa (corresponding approximately to 9-11 km depth) and 250-300 °C before the uplift of the batholith 
[Di Toro and Pennacchioni, 2004; Di Toro et al., 2005a; Pennacchioni et al., 2006]. Therefore, the Gole 
Larghe pseudotachylyte record events of seismic slip that occurred at the base of the elastico-frictional 
(brittle) crust. 
 A main drawback at using the Gole Large faults to determine mechanical parameters of a single 
earthquake is that, in many faults, it is not possible to partition the fault slip between the cataclastic and the 
coseismic, pseudotachylyte-producing, slip [Di Toro et al., 2005a]. However, a few fault segments of the 
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Gole Larghe Fault contain only pseudotachylytes and record a single seismic rupture of intact tonalite [Di 
Toro et al., 2006b – see section 5.1]. The absence of an epidote- and K-feldspar-bearing cataclasite precursor 
in these fault segments was determined by both field and microstructural observations [Pittarello et al., 
2008]. Note that rock fragmentation during seismic slip is precursor to frictional melting [Spray, 1995] and 
is part of the same seismic rupture that produces the pseudotachylyte (see Fig. 2b and Eq. 1), but the epidote-
bearing cataclasites were produced during a different deformation event with respect to the pseudotachylytes 
[i.e., not the same seismic rupture, see Di Toro and Pennacchioni, 2005, for field and microstructural 
evidence]. 
 A further difficulty to study earthquake mechanics by the use of exhumed faults is that information is 
needed about the effective stress tensor at the time of seismic slip. In the Adamello faults the orientation of 
principal axis of stress is relatively well constrained by regional and field structural data [Pennacchioni et al., 
2006; Mittempergher et al., 2007]. The maximum compressive stress is approximately horizontal and nearly 
at 45° to the faults and the stress field can be reasonably assumed as Andersonian [Di Toro et al., 2005a]. 
The widespread production of pseudotachylytes constrains the pore fluid pressure to hydrostatic or less 
[Sibson, 1973]. The friction coefficient at rupture was assumed of 0.75 given the high segmentation of the 
precursor joints (which involves, in some places, the propagation of the seismic rupture in an intact tonalite) 
and the pervasive cementation of fault segments by indurated, precursor, cataclasites [Di Toro and 
Pennacchioni, 2005]. Given these assumptions, we estimated, for sub-vertical faults at 10 km depth, a 
normal stress to the fault ranging between 112 and 184 MPa and a resolved shear stress ranging between 84 
and 138 MPa [Di Toro et al., 2005a; 2006b]. 
 Though the structure, fault rock mineral assemblage and geochemical composition are identical over 
12 km along strike of the Gole Larghe fault zone [i.e., Pennacchioni et al., 2006], we focused our attention to 
the outcrops located at the base of the Lobbia Glacier because of their excellent exposure (star in Fig. 3). The 
results described in the following sections were obtained from this area. 
 
4. RUPTURE DYNAMICS 
 
 As discussed in section 2, the presence of pseudotachylyte on exhumed faults is a clear marker of 
seismic activity. In addition, some of the damage structures are not only involved in the seismic process, but 
are ostensibly of coseismic genesis, in particular, freshly fractured fault branches and lateral fractures 
permeated with pseudotachylyte which are clearly not associated with any preexisting regional or local 
deformation trend (e.g., Fig. 2b). As a consequence, those coseismically generated structures may be 
identified as markers of the aggressive dynamic stress transient associated to fast rupture propagation (and, 
eventually, of the associated fluid pressure and temperature surges). The pattern, distribution and the 
intensity of the stress transient associated to fracture propagation is specific of dynamic conditions, namely 
fracture length, velocity, propagation direction, stress drop, energy dissipation during fracturing and 
extension of the weakening process zone at the crack tip (where slip-weakening occurs). Therefore, any 
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measurable feature (position, orientation, opening...) of the coseismic structures on an exhumed fault is a 
potential gauge allowing the properties of the paleo-earthquake source to be constrained and characterized, 
with implications for present-day earthquakes under a similar context. In the following section some salient 
features of the fracture transient stress will be illustrated, henceforth related to the marker structures 
observed in the field, and finally, used to reconstruct features of the associated earthquake source. 
 
4.1. Transient stress pattern 
 Both static and dynamic cracks embedded in an elastic medium, subjected to a remotely applied 
load, induce a perturbation of the stress field in the surrounding medium. While the pattern associated with a 
static crack, only depends on the slip distribution inside the crack itself, the pattern associated with a 
dynamically propagating fracture will also critically depend on its tip propagation velocity relative to the 
wave velocity in the surrounding medium. The differences between static and dynamic fracturing will 
become significant when the fracture is moving at a substantial fraction of the medium's sound velocity. A 
determining feature is the stress concentration located at or in the vicinity of the propagating tip, where the 
yielding strength of the rock is reached and a finite energy flow allows the dissipative process of fracture 
propagation to occur [Irwin, 1957]. Some of the simplest mathematical models, assuming cracks with 
infinitely sharp tips, involve that stress diverges to infinity at the fracture termination [Kostrov, 1964]. Such 
feature is obviously an unphysical consequence of a simplistic mathematical model, however, even more 
realistic models where the crack tip is allowed to spread over a finite process region or “end zone” [Ida, 
1972], predict that the stress concentration at the fracture termination can be very pronounced. This feature is 
compatible (i) with observation of profuse damage observed in the vicinity of crack extremities [Rice, 1966] 
and (ii) with the necessity of finite energy flow within a relatively small region around the tip, in order to 
allow for fracture propagation [Irwin, 1957]. Theory predicts that, for a fixed amount of energy dissipated in 
the propagation of fracture, the length of the end zone at the fracture tip collapses as its propagation velocity 
increases, tending to zero as the velocity approaches its limiting velocity (either the shear or Rayleigh wave 
velocity of the medium, depending on the configuration). Such process is analogous to the Lorentz 
contraction observed in relativistic physics [Burridge et al., 1979]. Therefore, spreading of the tip is reduced 
and the stress concentration tends to reproduce a quasi-singular stress distribution, in agreement with that of 
the sharp tip mathematical model.  Under such circumstances, the perturbation relative to the background 
stress is much more localized and intense for a crack propagating close to its limiting velocity. Recent crack 
models take into consideration the dissipative process not only on  the crack surface itself, but also in a finite 
volume around the slip zone and in the vicinity of the propagating tip (where the large stress transient stress 
is attained) [Andrews, 2005]. Through such mechanism, the end zone is not subjected to the shrinking effect 
discussed above; the dissipation increases with crack propagation and is distributed over a wider volume, 
while the stress concentration remains bounded. 
 
4.2. Examples of transient stress markers observed 
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 Markers of transient stress have been described in numerical simulations, laboratory tests and even in 
one instance on natural faults, the case of the paleoseismic faults of the Gole Larghe [Di Toro et al., 2005b].  
Since rocks and most materials are weaker in tension than in compression, secondary fractures are expected 
to be produced in the block under tension [e.g., Andrews, 2005]. This theoretical prediction is confirmed by 
experiments conducted in photoelastic rock analogue materials (homalite). Samudrala et al. [2002], fired 
bullets on a sample assemblage made of a precut homalite sheet glued along a preexisting interface (Fig. 4a). 
The bullet triggered eastward propagation of the crack, dextral slip along the pre-cut surface and formation 
of secondary fractures on the sample side experiencing tensile transient stresses (Fig. 4b). 
 In the field example of the Gole Larghe faults, a series of co-seismic, secondary fractures was 
observed to branch from the main faults (Fig. 4c). Assuming that the geometry of the observed paleoseismic 
faults is almost that of a purely vertical, strike-slip fault, and considering a horizontal section through the 
fault plane, the geometry may be reduced for simplicity to that of an in-plane (mode II) fracture. In this case 
the limiting velocity in the sub-shear wave case is VRay  (the Rayleigh wave velocity, in general slightly above 
90% of the shear wave velocity). As the fracture propagation approaches VRay it can be shown that the 
transient stress perturbations around the propagating fracture are exacerbated, eventually inducing tension 
sufficient to surpass the lithostatic load at the estimated depth at the time of activity (10 km), and allowing 
the opening of tension cracks. A rotation of the axis of major tension and compression also occurs; the angle 
of principal compressive stress initially at 30° to the fault plane progressively increases, until reaching a 
maximum of about 90°, as the fracture velocity increases and approaches VRay . The location of tension is 
always on the side of the fault where slip is in the direction opposite to fracture propagation, while 
compression is observed on the other side. Accordingly, the presence of open (mode I) pseudotachylyte-
filled cracks branching off mainly in the Southern wall of the Gole Larghe faults at roughly 90° (Fig. 4c), 
given that the slip motion was dextral, indicates that rupture was propagating from the East to the West. In 
addition, in order to reach absolute tensional conditions at 90°, the fracture velocity ought to be close to VRay . 
 Branching fractures were filled by pseudotachylyte (e.g., Fig. 3c, Fig. 4c) confirming that they were 
produced or opened during the propagation of the seismic rupture. In particular, of 624 fractures filled by 
pseudotachylyte and measured over a length of 2 to 10 m in 28 different sub-parallel fault segments, 67.7% 
intruded the southern bounding block (i.e., the veins injecting into the southern block are more than 70% on 
17 fault segments, 60–70% on three segments and 50–60% on five segments and less than 50% in only three 
fault segments)(Fig. 5a). The angle of the fracture, measured clockwise starting from the East, had two 
dominant orientations, at about 30–210o (set 1) and 90–270o (set 2) with respect to the fault trace [Di Toro et 
al., 2005b]. Set 1 fractures, intruded pre-existing cataclastic faults, whereas set 2 fractures were produced 
during rupture propagation along the main fault surface. 
 The stress perturbations induced by the propagation of the rupture during the 30 Ma old Gole Larghe 
earthquakes were investigated by means of numerical models (Fig. 5b-d). In these models were considered 
different coseismic slips (up to 1.5 m, consistent with displacements measured in the field, see Fig. 6), 
rupture propagation modes (crack like vs. self-healing pulses, the latter of 0.1 to 1 km in length – according 
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to the self-healing pulse model, the slipping region is much smaller than the final dimension of the 
earthquake), stress drops and slip weakening distances. Since the dynamic stress field, given a fixed pre-
stress direction, depends on the ratio of the rupture propagation velocity Vrupt with the shear wave velocity 
Vshear, the simulation considered slow rupture velocities (Vrupt = 0.6 Vshear), typical of large dissipation in the 
fracture process; high rupture velocities (Vrupt = 0.9 Vshear), about 98% of the Rayleigh wave velocity, 
commonly reported for many earthquakes, and supershear rupture velocities (Vrupt = 2 Vshear), estimated for 
some large earthquakes [Bouchon and Vallée, 2003]. In the case of subsonic rupture velocities (Vrupt < Vshear , 
Fig. 5b), was used an analytical solution, whereas a finite difference solution was used in the case of 
supersonic rupture speeds (Fig. 5d). In the model were used the properties of the tonalite (Poisson ratio of 
0.25, shear modulus of 26 GPa, fracture toughness of 2 MPa m0.5, rock density of 2700 kg m-3). Whatever the 
combination of rupture speed and crack mode, the rupture tip was under tension in the southern block for 
right-lateral faults propagating from the West to the East (consistently with the experimental results shown in 
Fig. 4b). However, by varying the rupture velocity, the magnitude of the stresses varied and the orientation 
of the planes of maximum tension rotated. In particular, for Vrupt approaching the Vshear (Fig. 5c), the solutions 
yielded the highest values of tensional stress (up to 1.7 GPa, well above the strength under tension for granite 
which is about 20 MPa) and an orientation of the planes under maximum tension consistent (80o to 90o) with 
the most frequent orientation of tensional fractures (injection veins) measured in the field. Some injection 
veins intrude the northern wall and could be the result of non-planar geometry of the fault, fracturing due to 
the volume increase related to the melting of tonalite and cataclasite (about 17%) or some rupture 
complexities like the interaction of neighbor fault segments. The stress drop associated with the modeled 
rupture is 42 MPa, which is consistent with the expected stress drop related to the lubrication effects of the 
frictional melt (see section 5 and 6). The estimated fracture energy (the energy dissipated during the 
propagation of the crack) is between 8 and 67 MJ m-2. As a consequence, field work and numerical modeling 
suggest eastward propagation of the seismic ruptures at Rayleigh wave velocities. Since the Gole Larghe 
Fault is a dextral branch of the Tonale Fault, which was active at 30 Ma, and the structure, mineralogy and 
geochemistry of the fault zone is identical along the whole length of the fault, the interpretation is that the 
Gole Larghe Fault zone records hundreds of ruptures propagating from the West (the Tonale Fault) to the 
East.  
 Large earthquakes (some fault segments in the Gole Larghe record coseismic slip of 1.5 m, see Fig. 
6a, which is compatible with M6-7 earthquakes, [Sibson, 1989]) occur over repeated times of the order of 
100-1000 years [Scholz, 2002]. A major advantage in using exhumed ancient faults compared to monitoring 
active faults, is the possibility to investigate rupture directivity over the geological timescale and to produce 
a statistically robust database. The conclusion that some fault zone may record a dominant rupture directivity 
has implications in earthquake hazard evaluation. Indeed, the radiated wavefield from a unilateral 
propagating rupture is amplified in the direction of propagation (directivity effect) but reduced in the 
opposite direction, thus inducing increased strong motion in one direction and anisotropy in the potential 
distribution of damage. 
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5. DYNAMIC FAULT STRENGTH 
 
 The determination of the magnitude of the shear stress and traction acting on the fault surface during 
seismic slip is relevant in earthquake mechanics. For instance, the decrease in shear stress during seismic slip 
may determine (i) whether dynamic stress drop is larger than static stress drop [Bouchon, 1997], (ii) the 
rupture propagation mode [e.g., self-healing pulse vs. crack like, Heaton, 1990; Beeler and Tullis, 1996; 
Nielsen and Carlson, 2000], (iii) the increase in the ratio of radiated energy vs. seismic moment with 
earthquake size [Mayeda and Walter, 1996] and (iv) the production of heat during seismic slip [e.g., 
Lachenbruch, 1980]. However, fault strength during seismic slip cannot be retrieved through seismological 
methods except for particular cases [Guatteri and Spudich, 1998; 2000]. In fact, extrapolation from seismic 
waves may allow the estimate of the static stress drop [Hanks, 1977], and, by means of strong assumptions, 
of the dynamic stress drop [Bouchon, 1997], but not the absolute values of the shear stress [Scholz, 2002]. 
 Experiments conducted with the “conventional” biaxial and triaxial apparatuses [Lockner and Beeler, 
2002] at slip rates < 1 mm/s and slip < 1 cm (orders of magnitude lower that seismic deformation conditions) 
show that rock friction (μ = τ / σ where τ is shear stress and σ is normal stress to the fault) is about 0.7 in 
most cohesive and non-cohesive rocks [Byerlee, 1978], over a large range of temperatures [almost up to 400 
oC in the case of granite, Stesky et al., 1974] and pressures [up to 2 GPa, Byerlee, 1978]. An exception to the 
Byerlee’s law are some clay minerals and phyllosilicates (montmorillonite, talc, vermiculite) showing lower 
friction values. The “conventional” experiments also show that the friction coefficient is slightly perturbed 
(few % at most) by variations in slip rate (velocity-weakening) and increasing displacement (slip-weakening) 
[Tullis, 1988; Marone, 1998; Scholz, 2002]. The evolution of the μ with slip rate and displacement is 
described by the Dieterich-Ruina Rate and State (R&S) friction law [Dieterich, 1978; 1979; Ruina, 1983], 
which has found a broad application in earthquake mechanics [from rupture dynamics to aftershock physics, 
Scholz, 1998 for a review]. However, the R&S friction law was formulated to describe experimental results 
obtained under deformation conditions significantly different from the seismic ones and is not capable to 
account for some seismological observations such as those listed in points (i)-(iv) above. To explain these 
observations, several fault-weakening mechanisms were proposed, including thermal pressurization [Sibson, 
1973], normal interface vibrations [Brune et al., 1993], acoustic fluidization [Melosh, 1996], 
elastohydrodynamic lubrication [Brodsky and Kanamori, 2001], silica gel lubrication [Goldsby and Tullis, 
2002; Di Toro et al., 2004], thermal decomposition [Han et al., 2007], flash heating at asperity contacts 
[Rempel, 2006; Rice, 2006], gouge-related weakening [Chambon et al., 2002; Mizoguchi et al., 2007] and 
melt lubrication [Spray, 1993]. Among these, experimental evidence was given for silica-gel lubrication 
[Goldsby and Tullis, 2002; Di Toro et al., 2004], thermal decomposition [Han et al., 2007], gouge-related 
weakening [Mizoguchi et al., 2007] and melt lubrication [Spray, 2005; Di Toro et al., 2006b]. However, 
since these weakening mechanisms have been found very recently in the laboratory, their occurrence in 
nature and their physics remains almost unknown [Beeler, 2006]. The exception is melt lubrication. Artificial 
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pseudotachylytes were produced in high velocity friction experiments in the late Eighties [Spray, 1987], and 
their mechanical properties were investigated from the late Nineties [Tsutsumi and Shimamoto, 1997a]. 
Noteworthy, pseudotachylytes (solidified melts) exist in natural exhumed faults and are very similar to 
artificial pseudotachylytes [Spray, 1995; Di Toro et al., 2006b]. Then, the physics of melt lubrication of 
faults has been studied with some detail in the last years [Fialko and Khazan, 2005; Nielsen et al., 2008]. 
Lastly, it is possible to estimate the dynamic shear stress during seismic slip from the amount of melt 
produced [Sibson, 1975]. As a consequence, and differently to the other weakening mechanisms proposed so 
far, in the presence of pseudotachylyte is possible to extrapolate experimental results to natural conditions 
and validate if there is any weakening effect on fault strength at seismic slip rates. As shown in the next 
sections, field, experimental and theoretical work suggest that faults are lubricated by seismic melts. 
 
 5.1 Field estimates 
 Sibson [1975] and Wenk et al. [2000] suggested to estimate the average dynamic shear stress in 
pseudotachylyte-bearing faults by assuming that all the frictional work during seismic slip is converted to 
heat (i.e., the process is fully adiabatic) and the energy expended to produce new surfaces is negligible. 
Actually, both assumptions are probably valid at 10 km depth [Lockner and Okubo, 1983; Di Toro et al., 
2006b; Pittarello et al., 2008]. From section 2.5: 
Wf ≈ Q  (5) 
i.e., most frictional work during sliding results in fault rock heating and, eventually, in melting 
[Jeffreys, 1942; McKenzie and Brune, 1972]. The total energy Em input for unit mass [J kg-1] is partitioned 
in: (i) energy exchanged for rock heating until melting (cp (Tm-Thr)), (ii) energy exchanged during rock 
melting (H) and, (iii) energy required for further melt heating (cpm (TM – Tm)) if frictional melts are 
superheated [Di Toro and Pennacchioni, 2004; Fialko and Khazan, 2005; Nielsen et al., 2008]: 
Em = cp (Tm-Thr) + H + cpm (TM–Tm)  (6) 
where Tm is the rock melting temperature, Thr is the ambient host rock temperature, TM is the maximum 
temperature achieved by the melt, H is the latent heat of fusion, and cp and cpm are the specific heat [J K-1 kg-
1] at constant pressure of the solid phase and of the melt, respectively. In the case of frictional melts, because 
of the presence of survivor clasts in the matrix that do not exchange latent heat of fusion, Eq. (6) becomes:  
Em =cp (Tm-Thr) + (1-φ ) H + (1-φ ) cpm (TM –Tm) + φ cp (TM –Tm)  (7) 
where φ  is ratio between the volume of lithic clasts and the total volume of pseudotachylyte (i.e. matrix + 
lithic clasts). Then, assumed that cpm(T) ≈ cp(T): 
Em ≈ (1-φ )  H + cp (TM – Thr)  (8), 
and the energy input E [J] is: 
E ≈ [(1-φ )  H+ cp (TM – Thr)] ρ A wav  (9) 
where ρ  is the density (assuming melt density approximately equal to rock density), A is the area of the fault 
surface and wav is the average width of friction-induced melt present as veins along the fault plane. The work 
for unit area [J m-2] done to overcome the frictional sliding resistance for a constant τ f is: 
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Wf = d τ f    (10) 
where d is the coseismic fault displacement. Wf is converted to heat E. Considering the area of the 
fault surface where frictional work occurs, from Eq. (8), (9) and (10): 
E ≈ Em ρ A wav ≈ d τ f  A  (11) 
and the average τ f  is 
τ f  ≈ ρ  Em wav / d≈ ρ [(1-φ )  H+ cp (TM – Thr)] wav / d  (12). 
In the case of Gole Larghe Faults Zone, all the variables in Eq. (9) can be determined for 
pseudotachylyte-bearing faults formed in intact tonalite (i.e., without a precursor, pre-seismic, cataclasite) 
and it is possible to estimate the average dynamic shear stress during seismic faulting. The values for cp ≈ 
1200 J kg-1 K-1, H = 3.24 x 105 J kg-1 and ρ = 2700 kg m-3 are known from the literature [Di Toro et al. 2005a 
and references therein]. The ambient host rock temperature of Thr ~250 oC is well constrained by geological 
data, microstructural observations and mineralogy of cataclasite coeval with pseudotachylyte production and 
seismic faulting [Di Toro and Pennacchioni, 2004]. The peak temperature of the friction-induced melt was 
>1200 °C, as indicated by the crystallization of plagioclase microlites with andesine composition and the 
assimilation of plagioclase clasts, and it was estimated at 1450°C based on numerical modeling of microlitic-
spherulitic zoned distribution in pseudotachylyte veins [Di Toro and Pennacchioni, 2004]. A value φ = 0.2 
was determined by means of image analysis of Scanning Electron Microscope images of the pseudotachylyte 
veins [Di Toro and Pennacchioni, 2004]. These values yield Em = 1.7 x 106 J kg-1 from Eq. (8). The ratio wav 
/d was determined in fault segments where field and microstructural (SEM, FE-SEM) investigations revealed 
that the pseudotachylyte layer and seismic slip were produced during a single slip event (i.e., there was no 
evidence of alteration or precursor cataclasite) and rupture propagated through an intact rock (Fig. 6). In the 
case of thin fault veins, the thickness was measured directly in the field (Fig. 6a). In the case of thicker and 
more complicated pseudotachylyte veins filling larger displacement fault segments, the average thickness 
was determined from fault profiles (intersection of the fault with the outcrop surface) obtained from 
photomosaics of the fault (Fig. 3c, d; Fig. 6b). The average thickness wav was calculated as the area of the 
pseudotachylyte (including the melt injected in the host rock) divided by the length of the fault profile The 
coseismic slip d was determined from separations of dikes. From Eq. (12), the calculated dynamic shear 
stress was in the range  between 14.9 and 48.1 MPa.  
These values for shear stresses could be high or low depending on the magnitude of the stress normal 
to the fault. As described in section 3, the effective stress normal to the fault was comprised between 112 
MPa (hydrostatic pore pressure) and 182 MPa (no pore pressure). Therefore, the ratio between shear stress 
and normal stress is in the range between 0.4 and 0.08, well below the friction coefficient typical for tonalites, 
and suggests fault lubrication by friction-induced melts. 
 
 5.2. Experimental results 
 Fault lubrication by friction-induced melts is supported by non-conventional rock friction performed 
with a high velocity rotary shear apparatuses on tonalite (described here) and other silicate-built rocks 
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[gabbros, monzodiorites, peridotites, Hirose and Shimamoto, 2005a; Del Gaudio et al., 2006]. The effective 
slip velocities in these experiments (1 cm/s to 1.3 m/s for standard cylindrical samples with an external 
diameter of 22.3 mm) are comparable to slip rates achieved in earthquakes. Therefore, contrary to biaxial and 
triaxial apparatuses (total displacements < 2 cm and slip rates < 1 cm s-1), it allows the investigation of the 
seismic slip. The apparatus has an horizontal arrangement, with a stationary shaft on one end and the rotating 
shaft on the opposite end. The stationary shaft provides up to 1 ton of axial thrust (corresponding to 
maximum normal stress of 20 MPa for a 22.3 mm in diameter solid sample) by means of a pneumatic axial 
load actuator. The rotary shaft provides a rotary motion up to 25 rounds per second by means of an electric 
engine and an electromagnetic clutch [for a detailed description of the apparatus see Shimamoto and 
Tsutsumi, 1994; Hirose and Shimamoto, 2005a]. Given the cylindrical shape of the samples, the 
determination of the slip rate and shear stress is problematic, since slip rate and torque (in the experiments 
are measured the rotating speed and the torque) increase with sample radius r (V = ωr ; ω is the rotary speed). 
So the experimental data are obtained in terms of “equivalent slip rate” Ve [Shimamoto and Tsutsumi, 1994; 
Hirose and Shimamoto, 2005a; 2005b]: 
ii
r
re
drRr
A
V 222
1
41 τπτ ∫=  (13) 
where τ is the shear stress (assumed as constant over the sliding surface), A is the area of the sliding surface, 
R is the revolution rate of the motor, r1, r2 are the inner and outer radius of hollow cylindrical specimen, 
respectively. For solid cylindrical specimens, where r1 = 0: 
3
4 RrV e
π=  (14). 
We refer the equivalent slip rate simply as slip rate V hereafter. 
 In the experiments conducted on Adamello tonalite, slip rates were of ~ 1 m s-1 and, when the normal 
stress was sufficiently high (i.e., 15 to 20 MPa), the total slip was a few meters at most, so comparable with 
deformation conditions typical of large earthquakes. Given the dramatic decrease in rock strength with 
increasing heat due to (i) thermal expansion of minerals, and, (ii) the α - β transition in quartz which by 
increasing the quartz volume of 5% renders the rock weak [thermal fracturing, Ohtomo and Shimamoto, 
1994], higher normal stresses were achieved by using solid cylinders of rock confined with aluminum rings 
(Fig. 7b-c). Since aluminum melts at 660 oC, whereas most rock forming minerals melt at more than 1000 oC 
[Spray, 1992], the aluminum ring sustains the sample till bulk melting on the sliding surface occurs.  
 The experiments consisted of four main steps (1-4). In step 1 the axial thrust was applied to the 
sample. In step 2, the target rotation speed was achieved while an electromagnetic clutch split the rotating 
column from the specimen. In step 3, when the motor speed reached the target value, the electromagnetic 
clutch was switched on and the specimens started to slide. In step 4, the motor was switched off to end the 
experiment. The number of rotations, the axial force, the axial shortening of the specimen and the torque 
were recorded by a digital recorder with data sampling rate of 500 and 1000 Hz. 
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 In the case of the Adamello tonalite, four experiments were conducted at constant slip rate (1.28 m s-
1) and increasing normal stress (5, 10, 15, and 20 MPa) [experiments with cataclasites yielded similar results, 
Di Toro et al., 2006a]. Similarly to the frictional melting model for the elastico-frictional crust (Fig. 2b), 
production of melt in the experiments was preceded by production and extrusion of rock powder from the 
sample assembly. Melt was also extruded after the powder, similar to what is found in natural faults, where 
most of the melt is injected into the wall rock (e.g., Fig. 4c). Extrusion resulted in a progressive shortening of 
the sample with increasing slip. At the end of the experiments, a thin layer of melt (fault vein) separated the 
two opposite sliding surfaces. This artificial pseudotachylyte was remarkably similar to natural 
pseudotachylytes from the Gole Larghe Fault (Fig. 7b-c). 
 In each experiment, the shear stress evolved with increasing slip: after an increase (strengthening 
stage) to a peak value (P in Fig. 7a), shear stress decreased towards a steady-state value (SS in Fig. 7a) 
through a transient stage whose length decreased with increasing normal stress. This evolution of shear stress 
with slip is typical of all the frictional melting experiments performed so far in different rocks [gabbro, 
peridotite, etc., Tsutsumi and Shimamoto, 1997a; Hirose and Shimamoto, 2005a; Del Gaudio et al., 2006]. 
The evolution of the shear stress with slip in these experiments can be correlated with the microstructural 
evolution of the melt layer (i.e., amount of clasts) and of the topography of the boundary between the melt 
and the wall rock [Hirose and Shimamoto, 2003; 2005a,b; Del Gaudio et al., 2006]. For instance, during the 
strengthening stage, the slipping zone is discontinuously decorated by melt patches, whereas, during the 
transient and the steady-state stage, the sliding surfaces are separated by a continuous layer of melt [Hirose 
and Shimamoto, 2005a,b; Del Gaudio et al., 2006]. 
 In each experiment with tonalite, the plot of peak and steady-state shear stress versus normal stress 
show a slight dependence of shear stress with normal stress which can be roughly described by the equations:  
Peak shear stress:  τp = 4.78 MPa + 0.22 σ  (15) 
Steady-state shear stress  τss = 3.32 MPa + 0.05 σ   (16). 
 The “effective” friction coefficient, or ratio of shear stress vs. normal stress, is comprised between 
0.05 and 0.22, which is well below the Byerlee’s friction (see Fig. 9a). This suggests lubrication of the fault 
surfaces operated by frictional melts. By extrapolating the effective friction coefficient to seismogenic depth 
(i.e., to natural conditions where pseudotachylytes were found), experimental data well fit with the natural 
data (Fig. 9b). Of course, the effective friction coefficient corresponds to the best fit line of the experimental 
data and does not describe the physics of the process. A better extrapolation, which considers the physics of 
the frictional melting and melt lubrication, is proposed in section 5.3. 
 
5.3. Theoretical estimates 
 Theoretical derivations of the shear stress dependence on normal stress and slip rate in the presence 
of melt have been recently proposed [Fialko and Khazan, 2005; Nielsen et al., 2008].  Nielsen et al. [2008], 
argue that a steady-state limit condition exists in case of melt extrusion, based on the balance of heat and 
mass flow during frictional melt. They derive an expression for shear resistance at the steady-state as a 
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function of applied slip rate and normal stress. In their model, melt thickness, temperature and viscosity 
profile are not imposed, but result from the coupling of viscous shear heating, thermal diffusion and melt 
extrusion. In fact, lubrication does not automatically arise from the simple presence of melt; indeed a thin 
layer of high viscosity melt may induce strengthening of the interface [Scholz, 2002; Koizumi et al., 2004].  
Thus, the determination and combination of melt temperature, composition and clast content (which all 
affect melt viscosity), and melt layer thickness is needed in order to estimate shear resistance. The above 
parameters themselves depend on the extrusion rate (squeezing of melt under normal stress tending to reduce 
the thickness of the layer), melting rate (providing new melt tending to increase the layer thickness) and 
strain rate in the melt layer (affecting heat production, hence altering melting rate, melt temperature and melt 
viscosity). In other words, lubrication is the result of a complex feedback between viscosity, normal stress 
and slip rate as quantified in [Nielsen et al., 2008]. 
 The existence of a steady-state is also manifest in the experimental results, which indicate that melt 
thickness [Hirose and Shimamoto, 2005a] and shortening rate tend to a stable value after a variable amount 
of slip (Fig. 7a). From simple mass conservation arguments, constant thickness and shortening rate imply 
that melting and extrusion rates are constant, too. Heat is produced by the viscous shear of the melt layer and 
removed through (i) extrusion of hot melt, (ii) latent heat for melting and (iii) diffusion into the wall rocks. 
However, since the rock is consumed by the advancement of melting (shortening), the advancement of heat 
by diffusion into the rock is compensated by the shortening rate. As a consequence, the isotherms are fixed 
in space and time with respect to the sliding interface; a solid particle belonging to the rock sample moves 
toward the interface and traverses the isotherms until it melts, and, finally, it is extruded from the sample 
assembly (Fig. 8a). The complex physics of frictional melt lubrication is described by a system of five 
differential equations [Nielsen et al., 2008] which describe: 
 
 1) melting at the solid interface [the Stefan problem, Turcotte and Schubert, 2002]: 
−+ ∂
∂−∂
∂=
ww z
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z
TcL pmmmp ρκρκνρ   (17) 
where L =H (1-φ) is effective latent heat, ν is shortening rate, κ, ρ, c are the thermal diffusivity, mass density 
and heat capacity of the solid (whereas melt parameters are denoted by the subscript “m”), and the two 
derivatives at w– and w +  represent temperature gradient on the melt side and on the solid side, respectively; 
 2) heat diffusion at the steady-state, with a mass flow at velocity ν and a heat source density due to 
shear rate 
•ε  (the equation is slightly simplified in either the solid or the melt: heat source is zero inside the 
solid, while it can be shown that heat transfer by flow is negligible inside the melt): 
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 3) the normal stress σ supported by a layer of melt of equivalent viscosity ηe being squeezed at a rate 
ν: 
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 with C a geometrical factor (C = 3/16 for a solid cylinder) and w the melt layer half thickness; 
 4) the strain rate within the melt layer of thickness z and viscosity η: 
)(
)(
z
z ssη
τε =•   (20) 
 5) the viscosity dependence on temperature T (note that the viscosity law adopted is rather 
simplified: it is a linearization the exponential law for a Newtonian fluid): 
)/)(exp()( cmc TTTT −−= ηη  (21) 
where Tc = Tm2/B and ηc = A exp (B/ Tm) are the characteristic temperature and viscosity of the melt of 
temperature Tm . Values of ηc and Tc may be estimated based on composition, clast content and a well known 
empirical viscosity law [Shaw, 1972; Spray, 1993]. Note that this only leads to a very rough estimate, given 
that the result is highly dependent on clast concentration and melt composition; furthermore, it assumes that 
the melt behaves as a Newtonian fluid (viscosity independent of shear rate) which is probably not the case 
here. As a consequence, a priori estimates of ηc, Tc are only indicative for the time being, and shall require a 
substantial analysis of experimental and natural samples which has just started. 
 
 The coupled the above system of differential equations may be solved analytically, yielding an 
expression for shear stress in closed form [Nielsen et al., 2008]:  
WV
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/
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f25.0
ss στ =   (22) 
 where Nf is a normalizing factor, Le is function of the geometry of the sample (it is related to the 
escaping distance of the frictional melt from the sliding surface), V is slip rate and W is a factor with velocity 
dimensions, grouping 6 constitutive parameters: 
c
c cTW η
ρκ pmmm8=   (23) 
The corresponding melt half-thickness is also obtained as: 
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 Finally, details of the inhomogeneous viscosity and temperature profiles across the melt layer may be 
found in Nielsen et al. [2008]. Note that Eq. (19) assumes that all the normal load is supported by viscous 
push of the melt layer. A more complex normal stress dependence  could arise if hydrodynamic push, bubble 
formation, interaction at the asperity contacts or through clast clusters play an important role. In spite of the 
simplifying assumptions, the shear stress curves obtained are in reasonable agreement with the experimental 
data. Specific experiments on gabbro tested the relationship between steady-state shear stress and, for 
instance, normal stress while the other variables (e.g., slip rate V) were kept constant (e.g., Fig. 8b). 
 In order to extrapolate Eq. (22) to the ambient conditions of the Gole Larghe paleoearthquakes, we 
used τss=α σ0.25 (by grouping all parameters other than stress into a single value α) and set α = 8 x 104. The 
equation fits reasonably well both the experimental data and the field estimates, corroborating the idea of 
effective lubrication in the presence of friction melts (Fig. 9b); curves obtained for alternative  values of α 
=11 x 104 and 14 x 104 are also represented. 
 
6. DISCUSSIONS AND CONCLUSIONS 
 
 The study of the Adamello faults and associated pseudotachylytes has the potential to unravel 
aspects of rupture dynamics and fault strength during seismic slip. The “direct” investigation of the exhumed 
seismic fault network in the Adamello, following the pioneering work of Sibson [1975] on pseudotachylytes, 
has proven an outstanding source of information, complementary to seismological information, if integrated 
with calibrated experimental and theoretical analysis. This approach deserves future efforts and extension to 
this and other natural laboratories. 
 Field description of natural pseudotachylyte-bearing faults as well as theoretical models and physical 
experiments all need improvements to better describe the process of seismic faulting. Field description needs 
detailed quantitative methods to map the 3D geometry of the fault zone and the pseudotachylyte distribution 
between and along the different faults segments. Also, there is the need to further investigate how the results 
of experimental and theoretical studies, performed under simplified conditions and geometries, can be 
extrapolated to earthquake source mechanics. For instance, the constitutive equation for frictional melt 
lubrication (Eq. 22), though tested in the laboratory, describes the shear stress during steady-state conditions 
of slip; however abrupt variations in slip rate and normal stress (the so called “transient stage”) occur in 
nature [e.g., Beeler and Tullis, 1996]. In addition, current experiments and theoretical models do not take 
into account the geometry and complexity of natural faults. The presence of bumps on a fault surface [Power 
et al., 1988; Sagy et al., 2007] might impede the smooth sliding reproduced in the laboratory and future 
studies should consider the effects of fault roughness on frictional sliding. Though this is difficult to be 
investigated in experiments due to the small size of the samples and technical limitations, the problem can be 
tackled by numerical models which include the fault roughness and the constitutive law (including the 
transient stage) for melt lubrication. The input roughness of the fault for the numerical model can be 
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imported directly from quantitative field reconstruction of the fault geometry (e.g., by LIDAR, see also 
section 6.1). 
The dependence of shear stress with slip rate in the presence of friction melts may have dramatic 
effects on the rupture propagation process. The outcome of the abrupt decrease in slip rate on the shear stress 
is shown in an experiment performed at low normal stress (0.72 MPa) on hollow-shaped (24.9 mm and 15.6 
mm external and internal diameter, respectively) gabbro samples (Fig. 10) [Di Toro and Hirose, unpublished 
data]. Once the steady-state shear stress was achieved, the perturbation induced in the system “melt layer 
plus apparatus” by decreasing the slip rate from 1.6 to 0.8 m s-1 resulted in an abrupt increase in strength and 
the achievement of an unstable regime (see the stick-slip-like behavior after about 115 m of slip). Such 
abrupt increase in strength may produce self-healing rupture pulses in nature and may result in lower stress 
drops than those retrieved from the current theoretical models and experimental data. 
 A main result of the integrated studies shown in this contribution is the recognition of fault 
lubrication by frictional melts during earthquakes. An expected outcome of melt lubrication is the occurrence 
of large dynamic stress drops, especially at depth. Field, experimental and theoretical data summarized in Fig. 
9, all indicate stress drops in the range of 40 to 120 MPa at 10 km depth. However, these stress drops are 
larger than those expected in the upper crust from seismological investigations [between 0.1 and 30 MPa 
according to Hanks, 1977]. This discrepancy well illustrates the uncertainties of extrapolating our results to 
nature and to match our observation with seismological data. The reasons for the “stress drop” discrepancy 
can be multifold, including the fact that the actual experimental and theoretical models might fail to 
completely describe the seismic slip process (as underlined above). But a reasonable explanation for the 
discrepancy could be that we estimated dynamic stress drops, whereas those considered by Hanks [1977] 
were static stress drops [e.g., Scholz, 2002, pg. 204]. Bouchon [1997] estimated dynamic stress drop as large 
as 100 MPa in several discrete fault elements (mostly located at about 10 km depth, so at similar ambient 
conditions as the Gole Larghe Fault Zone) during the Loma Pietra ML 6.9, 1989 earthquake. Another 
possible explanation for the lower stress drops retrieved by seismology is that frictional melting is rare in 
nature and that the stress drops we estimated occur only in some special cases. According to Sibson and Toy 
[2006], pseudotachylytes are not common between fault rocks and, therefore, other coseismic weakening 
mechanisms [e.g., thermal pressurization, flash heating, Rice, 2006; Bizzarri and Cocco, 2006] may be more 
relevant than melt lubrication. We believe, however, that frictional melting is common in silicate-built rocks 
during faulting in the lower part of the brittle crust as supported, for example, by the widespread occurrence 
of pseudotachylytes reported in the European Alps. A reason for the apparent scarcity of pseudotachylyte is 
probably due to the elusive nature of these fault rocks [e.g., veins are thin and pristine “magmatic” structures 
may easily undergo alteration during postseismic deformation and fault exhumation: see for a detailed 
discussion Di Toro et al. 2006a]. It follows that pseudotachylytes can be easily missed in the field, even in 
locales investigated, in detail, for decades [see the case for the pseudotachylyte recently found in the Mt. 
Abbot quadrangle in Sierra Nevada, California: Griffith et al., 2008; Kirkpatrick and Shipton, 2007]. In any 
case, it is worth noting that all friction experiments performed so far on cohesive and non-cohesive rocks at 
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seismic slip rates indicate the activation of some weakening mechanisms (thermal decomposition, gouge-
related weakening, silica gel lubrication), that, in the absence of frictional melts, produce a dramatic decrease 
in shear stress similar to that observed in the case of melt lubrication [Di Toro and Nielsen, 2007]. The 
discrepancy between experimental results and seismological observations suggests that other factors 
including the dependence of the shear stress with slip rate and the roughness of the fault surface should be 
considered in rupture dynamics models in order to extrapolate experimental observations to natural 
conditions. 
 
6.1. A new approach to the study of exhumed pseudotachylyte-bearing faults 
 The review of previous work shows that it is possible to retrieve information on earthquake 
mechanics from pseudotachylyte-bearing fault-fracture networks. However, a realistic physical model of the 
earthquake source should include, for instance, the roughness of natural fault surfaces, since fault geometry 
controls nucleation, propagation and arrest of the seismic rupture [e.g., asperity and barriers, Scholz, 2002]. 
 The synoptic view of Fig. 11 summarizes an ideal multidisciplinary approach for the study of the 
earthquake mechanics by “direct” investigation of exhumed faults. The 3D architecture of an exhumed 
seismogenic fault zone is the basic input parameter for modeling coseismic fault slip and rupture propagation 
and requires a complete 3D mapping of fault geometry and distribution of different fault rocks within and 
between the different elements of the deformation network. To this aim, classical field structural analysis can 
be integrated with high resolution laser scan (Light Detection And Ranging: LIDAR) mapping allowing the 
reconstruction of fault zone architecture with a millimeter scale precision over large outcrops in the case of 
the Adamello fault zone (Fig. 11a). LIDAR and conventional structural data can be processed by 
geomodeling platforms to produce “true” 3D models of fault zone [Jones et al., 2004] (Fig. 11b). A further 
step to the understanding earthquake processes from the field studies of exhumed fault zones will be the 
upscaling of analysis from the outcrop (102-103 m) to the large earthquake scale (104-105 m). This can be 
accomplished using geostatistical techniques developed in the oil industry [Mallet, 2002]. The mapped 3D 
geometries of the fault zone will form the reference of calibrated numerical simulations for rupture 
nucleation and propagation (Fig. 11i)(see section 4). On a parallel line of research, samples from the fault 
zone (Fig. 11c) are prepared (Fig. 11e) and tested in rock friction experiments (Fig. 11f) to investigate their 
frictional behavior during the seismic cycle (Fig. 11g)(section 5.2). Natural and experimentally produced 
fault rocks are analyzed in the lab (through microstructural, geochemical and mineralogical analysis, (Fig. 
11d) and compared to determine deformation processes. Constitutive and theoretically-based equations (Fig. 
11h) that describe the rheology of the fault materials are tested in the non-conventional rock friction 
apparatus (Fig 11e,f,g)(see section 5.3). The experimental results (e.g., magnitude of the fault shear strength 
during seismic slip) are also checked in the field (Fig. 11g+a)(see section 5.1). The fault rheology 
constitutive equations (Fig. 11h) are then applied in rupture models (Fig. 11i) of real faults (Fig. 11a-b). 
Earthquake rupture modeling (Fig. 11i) will generate synthetic seismograms (Fig. 11j) [Olsen et al., 1997] to 
compare to real seismograms. 
Di Toro, Pennacchioni, Nielsen Pseudotachylyte and earthquake source mechanics 11/04/2008 
 
 26
 The multidisciplinary approach suggested here may exploit the extraordinary wealth of information 
frozen in large exposures of pseudotachylyte-bearing fault networks and yields a new vision of earthquake 
mechanics based on the physical processes occurring at seismogenic depth. 
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FIGURES AND TABLES CAPTIONS 
 
Table 1. List of the symbols in alphabetical order grouped in Latin symbols and Greek symbols 
 
Fig. 1. Pseudotachylyte from the Gole Larghe Fault Zone (Adamello, Italy). (a) Field image of a 
pseudotachylyte fault vein (fv) and an injection vein (iv) within the Avio tonalites. Looking down, top to N. 
(b) Pseudotachylyte-bearing faults showing injection veins filling both fractures formed during coseismic 
slip (veins approximately orthogonal to the fault vein and intruding the block in the lower part of the photos) 
and fractures predating pseudotachylyte generation and associated with cataclastic faulting (vein oblique to 
the fault vein in the upper part of the photo)(see section 4). Note the zoning (cm = chilled margin) in the 
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latter vein [for microstructural description of chilled margins in these pseudotachylyte veins from the Gole 
Larghe Fault, see Di Toro and Pennacchioni, 2004]. Looking down, top to N. (c) Optical microstructures 
(plane-polarized light) of a pseudotachylyte. The pseudotachylyte consists of a brown cryptocrystalline 
matrix with flow structures (fl) and spherulites (sp) and including several clasts (cl). The matrix intrudes the 
clasts forming deep embayments (em). All these features, as discussed in section 2.2, suggest that 
pseudotachylytes are solidified melts. (d) Back Scatter Scanning Electron Microscope image of the 
pseudotachylyte. Quartz clasts (qcl; black in color) are immersed in a fine matrix made of biotite microlites 
(bm; white), plagioclase microlites (pm; dark gray) and devitrified glass (gl; light gray). 
 
Fig. 2. Schematic models of pseudotachylytes production [modified from Swanson, 1992]. (a) Model of 
propagation of a seismic self-healing pulse mode II crack. The fracture propagates towards the right side (as 
indicated by the gray arrows) at a speed Vrupt comprised between 1 and 5 km/s. Behind the rupture front, slip 
is restricted to a band (light gray area, in large part overlapped by the dark gray area of presence of friction 
melts). The slipping area is few km wide. As the slipping area moves behind the fracture front, friction melt 
is produced after some refinement along the fault plane and may survive for some time (friction-melt 
window) after the cessation of slip. (b) Enlargement of the rupture along the fault section shown in Fig. 2a. 
The rupture propagates to the right and the sense of shear is dextral. The stress perturbation induced by the 
propagation of the crack produces fractures in the lower block under tensional transient stress (see section 4). 
Gouge production and comminution at the rupture tip is followed by flash melting (i.e., melting at asperity 
contacts) and bulk melting. Wall rocks interaction and viscous shear heating in the melt layer allow the 
achievement of extremely high temperatures (superheated frictional melts, see section 5). Most melt is 
injected in the wall rocks. 
 
Fig. 3. A natural laboratory of a seismogenic fault zone: The Gole Larghe Fault Zone in the Adamello 
batholith (Italy). (a) Tectonic sketch map of the Adamello region showing the location of the Gole Larghe 
Fault, and of the glaciated outcrops (star) analyzed in detail in this contribution. (b) Field view of the 
exposures of the Gole Larghe Fault Zone. Presence of deep creeks allows a 3-dimensional view of the fault 
zone. The fault zone is made of about 200 sub-parallel strike slip faults (some indicated by arrows). (c) 
Photomosaic showing a pseudotachylyte-bearing fault zone. The excellent exposure allow the detailed 
mapping of the pseudotachylyte vein network and the precise estimate of the melt volume (area) per unit 
fault length. (d) Drawing of the pseudotachylytes from the photomosaic of Fig 3c. The orientation of the 
fractures filled by pseudotachylyte was used to reconstruct the seismic rupture directivity (see section 4.2). 
 
Fig. 4. Markers of transient stress: field and experimental results. (a) describes the experimental setup where 
a dynamic fracture is triggered by shooting a bullet onto a homalite sample [modified from Samudrala et al., 
2002], (b) shows the results of the same experiment, with secondary branching cracks on the side where 
tensile transient stress is produced. (c) is an example of exhumed seismic fault [Di Toro et al., 2005b], where 
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the lateral branching cracks are found in majority on one side, and in a dominant direction, yielding 
constraints on rupture directivity and rupture velocity (see text for further details). 
 
Fig. 5. (a) Area-weighted rose diagram showing the orientation of the injection veins filled by 
pseudotachylyte from 28 fault segments of the Gole Larghe Fault Zone. The fractures are measured 
clockwise from the East side of the fault (see Fig. 3c). Most fractures are towards the south and oriented at 
about 30o and 85o from the main fault. (b-d) Numerical models of the tensile stress field (positive is tension, 
negative compression) close to rupture tip for three different rupture velocities (b: Vrupt = 0.6 Vshear; c: Vrupt = 
0.9 Vshear; d: Vrupt = 2 Vshear). The fracture tip is shown as a black thick line and viewed from above. The 
fault is dextral, the rupture is propagating Eastward and the wall rocks are under tension in the Southern side 
in all models. The plane of maximum tensile stress are indicated by thin black segments. For Vrupt = 0.9 Vshear 
(Fig. 3c), the planes of maximum tension are oriented at about 85o from the main fault, consistently with the 
most common orientation of the fractures observed in the Gole Larghe Fault. All figures from Di Toro et al., 
2005b. 
 
Fig. 6. Estimate of dynamic fault strength from field exposures. (a) Fault segment, decorated by (only) 
pseudotachylyte, separating an aplite dike of about 1.5 m. Most pseudotachylyte is injected in the wall rocks, 
and pseudotachylyte fault vein thickness is variable along strike. In this case, the pseudotachylyte 
“thickness” wav  appearing in Eq. (12) was estimated as the ratio between the pseudotachylyte area in outcrop 
and the length of the fault segment. (b) Aplite dike is crosscut an offset of about 30 cm by a fault segment 
decorated by only pseudotachylyte. The fault displacement was estimated by the measures of the marker 
separation and of the orientation of the fault, outcrop, marker and slickenlines [Di Toro and Pennacchioni, 
2005]. 
 
Fig. 7. Results and products of high-velocity rock friction experiments. (a) Shear stress, slip rate and sample 
shortening vs. slip curves for the Adamello tonalite. Boxes P and SS indicate the displacements intervals 
used to determine the peak and the steady-state shear stress, respectively, and plotted in Fig. 9a. (b) 
Comparison between natural (left) and artificial (right) pseudotachylyte. The insets are Back-Scatter Electron 
Scanning Electron Microscope images of the slipping zones. Both natural and artificial pseudotachylyte have 
quartz (qtz) and plagioclase (pl) clasts suspended in a cryptocrystalline (natural) and glassy (artificial) matrix. 
The cryptocrystalline matrix found in nature is explained by the higher ambient temperature in nature (~ 250 
oC) with respect to the lab (20 oC) and the different cooling (and geological) history. All figures from Di 
Toro et al., 2006b. 
 
Fig. 8. Estimate of dynamic fault strength: the theoretical model. (a) is a cartoon explaining the geometry of 
the shear/shortening mechanism analysed, inside a rock volume, at three successive time steps t1, t2 and t3. 
The central grey area represents the melt layer of half-thickness w . The white arrows represent the shear 
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motion while the lateral arrows represent the convergent motion of the blocks due to the shortening process. 
(b) Fitting of experimental data according to Eq. (22) for peridotite (diamonds), gabbro and monzodiorite 
(triangles and circles, respectively) and tonalite (stars). Reproduced with permission from Nielsen et al., 
2008. 
 
Fig. 9. Shear stress vs. normal stress for experimental, natural and theoretical data compared to solid friction 
for tonalite [modified from Di Toro et al., 2006b]. (a) is a zoombox showing the detail of experimental 
results, while (b) is the global representation including field estimates. The light gray area indicates the range 
of typical frictional values for tonalite [Byerlee, 1978]. Solid circles and open diamonds are experimental 
values for peak shear stress and steady-state shear stress (Fig. 7). Field data have a large range of effective 
normal stress (as indicated by the length of the horizontal error bar) due to the poorly constrained pore 
pressure at the time of seismic faulting during the Gole Larghe earthquakes. The solid line is the best linear 
fit for the peak shear stress data (Eq. 15); the dashed line is the best linear fit line for the steady-state shear 
stress (Eq. 16). The three gray curves represent theoretical predictions for viscous strength assuming 
τss=α σ0.25 (according to Eq. 22), and setting α = 8 x 104, 11 x 104 and 14 x 104 , respectively.  
 
Fig. 10. Dependence of shear stress with slip rate in the presence of frictional melts. For a particular 
combination of slip rate and normal stress (in this case, V = 0.8 m/s and σ = 0.72 MPa), the shear stress is 
highly unstable (see the seven peaks of high shear stress between 115 and 170 m of slip). Though poorly 
investigated, the non linear dependence of shear stress with slip rate may explain rupture heal and self-
healing pulses. The large displacement achieved in this experiment is the result of the application of a small 
normal stress (compare with Fig. 7a). 
 
Fig. 11. A multidisciplinary approach to the study of pseudotachylyte-bearing fault networks: synoptic view 
(see text for explanation).  
 
